Using the first 25% of DEEP2 Redshift Survey data, we probe the line-of-sight velocity dispersion profile for isolated galaxies with absolute B-band magnitude −22 < M B −5 log(h) < −21 at z=0.7-1.0, using satellite galaxies as luminous tracers of the underlying velocity distribution. By measuring the velocity profile beyond a galactocentric radius of ∼ 200h −1 kpc (physical), we are able to indirectly measure the total mass, including dark matter, around these isolated bright galaxies. We use mock catalogs based on N-body simulations to show that this mass derived from the velocity profile is robust to selection effects. We find a line-of-sight velocity dispersion (σ los ) of 162 12 h −1 M ⊙ , assuming an NFW model for the dark matter density profile. We then compare the halo mass for our isolated galaxies to the halo mass found in the local SDSS survey for host galaxies with the same luminosities relative to M*. Our results are consistent with scenarios in which the mass of halos for isolated galaxies with the same luminosities relateive to M* is unchanged from z ∼ 1 to the present. Our results can be used to constrain the halo occupation distribution and the conditional luminosity function used to populate dark matter halos with galaxies. We find that ∼ 60% of the bright isolated galaxies with satellites in our sample have early-type spectra and are red in (U − B) 0 color, consistent with the overall sample of DEEP2 galaxies in this luminosity and redshift bin.
INTRODUCTION
It has been firmly established that galaxies and clusters form within halos whose mass is dominated by unseen dark matter. Yet until very recently, the outer regions of halos have been very poorly understood due to a lack of visible tracers of the mass distribution. Galaxy-galaxy lensing is able to probe the halo masses of local galaxies, but beyond z ∼ 0.5 the lensing probability rapidly diminishes, making it very difficult to derive masses with this method at higher redshift. An alternative method was first applied by Zaritsky et al. (1997 Zaritsky et al. ( , 1993 who used the kinematics of a sample of 115 satellite galaxies to probe the outer regions of 69 isolated galaxies. By employing satellites as test particles, they built up a velocity profile for a single representative isolated galaxy by stacking measurements of satellites from many different host galaxies.
More recently, Prada et al. (2003, hereafter P03 ) have used ∼250,000 SDSS redshifts to probe the halo masses of isolated galaxies; they detect >1000 satellites around ∼700 host galaxies. With this large data set they are able to discriminate between various halo mass distributions and find evidence for an NFW-like falloff at large radii. From these accurate velocity profile measurements, P03 infer the masses enclosed within 1.5 R virial for two sets of isolated galaxies. Host galaxies with By extending this type of measurement to high redshift, we can study the evolution of the relationship between galaxies and dark matter halos. There have been few ways to do this until the recent advent of large, high-redshift surveys. The best example to date is Yan, Madgwick, & White (2003) , who use the DEEP2 correlation function from Coil et al. (2004) to constrain halo evolution. Their results are consistent with no evolution in the way galaxies occupy their halos from z ∼ 0.8 to z ∼ 0. The no-evolution hypothesis implies that galaxies with a given luminosity compared to L* at z ∼ 0.8 live in the same sorts of halos as similar galaxies at z ∼ 0, though the mass function of dark matter halos evolves. Here we address this hypothesis with an independent method.
In this paper we measure the velocity dispersion profile for a typical isolated DEEP2 galaxy at z ∼ 0.8 using methods similar to those of P03. We then deduce a representative halo mass for these galaxies and compare our results to recent local measurements to test for evolution. We use mock catalogs to test the significance and robustness of these results. The paper proceeds as follows. In §2 we describe the data set and details of methodology; §3 outlines our use of the DEEP2 mock catalogs to test the assumptions laid out in §2; and in §4 we present our results and compare with recent local measurements. Throughout the paper we assume a standard ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7 and H 0 = 100h −1 km s −1 Mpc −1 . Absolute magnitudes quoted have been Kcorrected and corrected for reddening by galactic dust, and are in the AB system (Willmer et al. 2004 ).
METHODS & DATA
We use data from the first ∼ 25% of the DEEP2 Galaxy Redshift Survey, a three-year project using the DEIMOS spectrograph at the 10-m Keck II telescope to survey galaxies at z ∼ 1. DEEP2 will collect spectra of ∼60,000 galaxies from 0.7 < z < 1.4 to a limiting magnitude of R AB = 24.1. For survey details, see Davis et al. (2004) . Photometric data were taken in the B, R and I bands with the CFH12k camera on the 3.6-m Canada-FranceHawaii telescope. We use data taken during the first 2 seasons of DEEP2 observations, which have so far yielded ∼12,000 secure redshifts over ∼0.9 sq. degrees. The restframe wavelength corresponding to an observed R-band varies strongly with redshift, from ∼ 4000Å at z=0.7 to ∼ 2800Å at z=1.4; this results in ∼L* red galaxies passing beyond the survey magnitude limit at a much lower redshift than ∼L* blue galaxies, and faint red galaxies will be lost entirely. We thus restrict our analysis to galaxies with z < 1 to minimize this selection effect.
We measure a velocity dispersion profile for a "typical" isolated bright galaxy using satellites as luminous tracers of the velocity field. In our sample, each galaxy has at most three or four satellites, but we can build up a velocity profile by treating all the satellites found as if they belong to one typical host galaxy. In implementing this method we are assuming that similar galaxies reside in similar halos. We create an homogeneous host galaxy sample by searching for satellites around galaxies with −22 < M B − 5 log(h) < −21 and 0.7 < z < 1.0. As more data becomes available, it will be possible to limit these criteria even further, yielding results for multiple luminosity, redshift, color, and spectral type bins.
We define a galaxy in this sample to be "isolated" if it has no neighbors in the DEEP2 spectroscopic sample within a projected physical distance r p < 350h −1 kpc, line-of-sight velocity difference |∆v| < 1000 km s −1 and absolute magnitude difference ∆M B < 1.5. An isolated galaxy furthermore cannot have any neighbors within 350 < r p h −1 kpc< 700 and |∆v| < 1000 km s −1 with ∆M B < 0.75; in other words, we relax our magnitude cut at large r p because galaxies this far apart will be less dynamically associated. "Satellites" are similarly defined to be galaxies with r p < 350h −1 kpc, |δv| < 500 km s
and δM B > 1.5; i.e. satellites must be more than 1.5 magnitudes fainter than the host galaxy they belong to. These parameters define sample 1 in Table 1 which lists the search parameters used in this analysis along with the number of found satellites and several derived host halo parameters. We consider 7 different search criteria and find that the results presented are quite insensitive to variations in these criteria; for convenience we quote results from sample 1 unless otherwise noted. We put no restriction on morphological or spectral type. Our host galaxies have approximately the same relative number of early and late spectral types as in P03's sample. Our choices of parameters ensure that a satellite can be associated with one and only one host galaxy. The satellite galaxy |δv| distribution is well fit by a Gaussian of zero mean. In the absence of interlopers (see below), the satellite velocity dispersion can simply be obtained from the width of a Gaussian fit to the velocity distribution. In order to see any changes in the velocity profile with radius, we bin the satellite data in r p . We have chosen bins such that the number of satellites per bin is roughly constant: 30 < r p < 180, 180 < r p < 280, 280 < r p < 350; these choices assure similar errors from bin to bin.
An important aspect of this analysis is the careful rejection of "interlopers"; these are galaxies which meet the criteria for satellite identification, but are in fact not dynamically associated with the host. Interlopers result from peculiar velocities which can, in redshift space, scatter objects into our search cylinder. We remove interlopers by fitting a Gaussian plus constant distribution to the velocity measurements within an r p bin. The Gaussian describes the true satellite distribution, while the constant offset accounts for the interloper contamination. If we ignore clustering effects, which is reasonable since we are only probing isolated systems, then one would expect the number density of interlopers to simply scale with the search volume, and hence be roughly constant within each r p bin. Unlike P03, who fit Gaussian profiles to velocity histograms, we determine the parameters of the velocity distribution using a maximum likelihood method that requires no binning. In Monte Carlo tests, this algorithim agrees with P03 for well-sampled data, but is much more robust in the small-N limit. This technique also provides an estimate of the error in the velocity dispersion measurement.
We fit a velocity dispersion profile derived from an NFW (Navarro, Frenk, & White 1996 ) density distribution (ρ ∝ r −3 for large r), to the measured velocity dispersion points. In order to obtain a velocity dispersion profile from a density profile, we use the Jeans equation to relate the radial velocity dispersion to the gravitational potential, and then integrate along the line of sight. The velocity anisotropy (β ≡ 1 − σ 2 r /σ 2 ⊥ , where σ r is the radial velocity dispersion and σ ⊥ is the velocity dispersion perpendicular to the line of sight) must be assumed in the conversion of the NFW density profile to a velocity dispersion profile; we use an Osipkov-Merrit anisotropy,
, with s a = 4/3 and s = r/r 200 where r 200 defined as the radius where the mean interior density is 200 times the critical density. The NFW profile further requires a concentration c; we use c = 10, which is consistent with our fit to the mock catalog velcocity dispersion profiles (see §3). With these assumptions we are left with one free parameter, the normalization of the velocity dispersion profile, which can be characterized by the circular velocity at r 200 , V 200 . For the same enclosed region, the interior mass (M 200 ) can be easily inferred from V 200 for a given cosmology (see Navarro, Frenk, & White 1996 , for details).
MOCK CATALOGS
We have used mock catalogs developed by Yan et al. (2004) to test whether we can accurately recover the halo mass of isolated galaxies using satellites. Mock catalogs further allow us to investigate the effects of slitmask target selection (see Davis et al. 2004 , for details) on the derived velocity profile, thus testing our ability to recover the true halo mass when these observational effects are included. Target selection may result in a galaxy being identified as isolated which is not truly so, since . The mass associated with this NFW profile is 3.8 × 10 12 h −1 M ⊙ , which agrees quite well with the true average halo mass of these galaxies, 4.2×10 12 h −1 M ⊙ . The dashed profile with error bars was derived from the mock catalogs after including target selection effects. The errors increase due to a smaller sample size and contamination from galaxies falsely identified as isolated. The best-fit NFW curve for this sample corresponds to a mass of 3.9 × 10 12 h −1 M ⊙ , and again accurately recovers the true halo mass.
we only have redshifts for approximately one-half of the galaxies meeting the survey selection criteria. Eventually, photometric redshift estimates of galaxies without spectroscopy will allow us to better constrain the number of truly isolated galaxies in our sample. Earlier work (P03) has investigated interloper contamination using simulations of a single 10 12 M ⊙ halo; the large cosmological simulations we use also test the effects of higher order clustering on the interloper problem. Fig. 1 compares a line-of-sight velocity dispersion profile derived from an NFW density profile to profiles measured for isolated galaxies in the mock catalogs with the same redshift and magnitude range and search criteria as the data. The mock catalogs employed here have total volume comparable to the final DEEP2 sample. The solid line is the profile from the mock catalogs before we included the effects of target selection. The best-fit NFW profile (dotted line) was derived as described in §2. The halo mass associated with this profile (M 200 ) is 3.8
We can derive the true halo mass for these host galaxies by using the simulations, since we know the number of dark matter particles in the halo and hence can directly compute M 200 . The true halo mass distribution for isolated galaxies in the mock catalogs conforms to a log-normal distribution with 1σ range 3.0 × 10 12 h −1 M ⊙ to 1.0 × 10 13 h −1 M ⊙ with a peak of 4.2 × 10 12 h −1 M ⊙ . The velocity profile fit therefore recovers the true average mass quite accurately, giving us confidence that the algorithm used to fit the profile robustly recovers the underlying halo mass.
The dashed line in Fig. 1 shows the velocity dispersion profile derived from the mock catalogs after target selection is included. This profile is noisier both because of interloper contamination and the smaller number of satellites available. The mass associated with the bestfit NFW profile is 3.9
The true mass of the hosts halos conform to a log-normal distribution with 1σ range 1.7 × 10 12 h −1 M ⊙ to 5.7 × 10 12 h −1 M ⊙ and peak at 2.6×10 12 h −1 M ⊙ . When we compare the isolated hosts found in the pre-target selection mock catalogs to those found after target selection, we find that ∼ 30% of hosts in the mock catalogs after target selection are not truly isolated, but only appear isolated because their companions were not targeted for observation. Fortunately, this level of contamination does not seem to limit our ability to accurately recover the underlying halo mass, as to first order it mimics the effects of background interlopers and hence is accounted for by our interloper correction.
RESULTS
For our chosen set of search parameters (Sample 1), we have identified 75 satellites around a total of 61 host galaxies at 0.7 < z < 1 in the DEEP2 data set. Figures 2 and 3 show relevant characteristics of the satellite and host galaxies including distibutions in redshift, spectral-type, absolute magnitude, satellite number per host, satellite distance from host, and ∆M B between the host and satellite. We determine spectral types using principal component analysis (see , for details), using Madgwick's definition of early and late type spectra. Galaxy morphology and (U − B) 0 color correlate well with this spectral classification of early and late types (Alison Coil, private communication 2004 ; see also ). Satellites are found to have ∼ 90% late-type spectra, but due to the DEEP2 survey selection effects mentioned in §2, it is difficult to determine if this is an intrinsic property of satellites around bright isolated galaxies, or an artifact of the survey design. As we observe fainter galaxies (e.g. satellites), early-type galaxies become undetectable before late-type galaxies. In addition, we find that approximately 60% of host galaxies have early-type spectra. When we select a subsample of the entire available DEEP2 data set such that it has the same redshift and absolute magnitude distributions as the host galaxies, we find that both sets of objects have consistent fractions of early-type galaxies: 58% for isolated hosts and 63% for the subsample. This result is somewhat surprising; one might have naively suspected that the majority of early-type galaxies with −22 < M B < −5 log(h) < −21 would reside in dense environments. To test the robustness of this result, we also use (U − B) 0 color to test for any differences between isolated galaxies and our reconstructed subsample. Again we find that ∼ 55% of isolated host galaxies are red ((U − B) 0 >1), while ∼ 50% of the subsample is red (see Fig. 4 ). There thus seems to be a significant population of bright, red, early-type isolated galaxies with satellites at z ∼ 1.
Using the maximum likelihood method outlined in §2, we measure a velocity dispersion of 162 +44 −30 km s −1 for satellites with 30 < r p < 180h −1 kpc (median r p = 110h −1 kpc), 136 +26 −20 km s −1 for 180 < r p < 280h −1 kpc (median r p = 230h −1 kpc), and 150 +55 −38 km s −1 for 280 < r p < 350h −1 kpc (median 320 r p = h −1 kpc) for isolated galaxies with −22 < M B − 5 log(h) < −21. Errors on the velocity dispersion are derived from the maximum- likelihood fit (see Fig. 5 ). These results are robust to changes in the search parameters and radial binning; for the 7 different search criteria listed in Table 1 , our lineof-sight velocity dispersion measurements vary within 1σ of the dispersions quoted above. Unfortunately, we could not implement the exact same search criteria as in P03 as that yields only 30 satellites in the DEEP2 sample, too few to provide robust results. As the DEEP2 survey collects more data, we will be able to make this more direct comparison. From Fig. 5 it is clear that the derived dispersion profile is consistent with nearly all pop- (Moore et al. 1998) ), though we use NFW to derive masses. What is important for this analysis is the normalization of the velocity dispersion profile, not necessarily the slope.
As with the mock catalogs, we fit velocity dispersion profiles derived from an NFW model to the measured velocity dispersion profile for DEEP2 by minimizing χ 2 . Our results imply a total mass, M 200 , of 5.5 +2.5 −2.0 × 10 12 h −1 M ⊙ for a typical isolated galaxy with −22 < M B − 5 log(h) < −21 and at least one satellite. When we vary the search criteria the measured mass varies by ±1 × 10 12 , within our 1σ errors (see Table 1 ). Importantly, the mass derived from the data agrees with the mass derived from the mock catalogs for the same host magnitude range, −22 < M B −5 log(h) < −21. Requiring such agreement can be used to set constraints on the way in which the number of galaxies in a dark matter halo and their luminosities depend on the underlying halo mass i.e. the halo occupation distribution or conditional luminosity function, which were used to create these mock catalogs.
We can compare this derived mass to recent local measurements to look for evolution. A direct comparison to the results of P03 is complicated by differences in host galaxy magnitude intervals and search criteria. Thus, in order to make our comparison as robust as possible, we have taken the raw ∆v and r p measurements of P03 (Francisco Prada, private communication 2004) and independently determined the underlying halo mass using our own host galaxy magnitude range and search criteria. We note that our methods accurately recover the masses inferred in P03's samples (see §1) when using their definitions. Taking -Color-Magnitude diagram for all isolated host galaxies from sample 1 (stars) compared to a subsample of the first 2 seasons of DEEP2 data (points). The subsample was constructed to have the same redshift distribution as the host galaxies, thus reducing any potential redshift dependent selection effects. Dashed lines indicate the magnitude range we have used in computing halo masses. We classify galaxies with (U −B) 0 >1 "red" and (U-B) 0 <1 "blue". Thus, we find that isolated galaxies at z ∼ 1 have a similar halo mass as isolated galaxies which are 1 magnitude fainter at z ∼ 0. This implies that there has been little or no evolution in the halo mass of isolated galaxies with magnitudes in the range ∼ M * B +1 to ∼ M * B +2 even though M * B has evolved by ∼ 1 magnitude. Our results are thus consistent with isolated galaxies of a fixed luminosity relative to L* populating their dark matter halos in a similar way from z ∼ 1 to z ∼ 0, a result attained with an independent method by Yan, Madgwick, & White (2003) . This result is also consistent with mock catalogs developed by Yan et al. (2004) , and can be used to provide constraints on the halo model to z ∼ 1. Assuming that the isolated galaxies found in DEEP2 at z ∼ 1 passively evolve to the SDSS isolated galaxies at z ∼ 0, our results imply that the ratio of baryonic mass to dark halo mass in these galaxies has been constant for the last ∼8 billion years. It is important to keep in mind that, due to the small number of satellites found, this analysis has been applied to a host sample consisting of both early and late type galaxies, and is therefore mixing two different populations of galaxies. We thus stress that these are initial results requiring more data to untangle these sorts of complications.
Upon completion of the DEEP2 survey we will have a sample ∼ 4× larger than what was used for the present analysis, which will decrease our uncertainties on velocity dispersions by a factor of 2. This will result in a similar decrease in errors on our halo mass estimate, allowing for much tighter constraints on both halo mass evolution and the halo model. With the completed survey, we will be able to separate our host galaxies by spectral type, color, or redshift, allowing for more precise comparisons to local samples.
